Telomeres cap the ends of eukaryotic chromosomes and prevent them from being recognized as DNA breaks. We have shown that certain DNA damage responses induced during senescence and, at times of telomere uncapping, also can be induced by treatment of cells with small DNA oligonucleotides homologous to the telomere 3 single-strand overhang (T-oligos), implicating this overhang in generation of these telomere-based damage responses. Here, we show that T-oligo-treated fibroblasts contain ␥H2AX foci and that these foci colocalize with telomeres. T-oligos with nuclease-resistant 3 ends are inactive, suggesting that a nuclease initiates T-oligo responses. We therefore examined WRN, a 3 3 5 exonuclease and helicase mutated in Werner syndrome, a disorder characterized by aberrant telomere maintenance, premature aging, chromosomal rearrangements, and predisposition to malignancy. Normal fibroblasts and U20S osteosarcoma cells rendered deficient in WRN showed reduced phosphorylation of p53 and histone H2AX in response to T-oligo treatment. Together, these data demonstrate a role for WRN in processing of telomeric DNA and subsequent activation of DNA damage responses. The T-oligo model helps define the role of WRN in telomere maintenance and initiation of DNA damage responses after telomere disruption.
Telomeres cap the ends of eukaryotic chromosomes and prevent them from being recognized as DNA breaks. We have shown that certain DNA damage responses induced during senescence and, at times of telomere uncapping, also can be induced by treatment of cells with small DNA oligonucleotides homologous to the telomere 3 single-strand overhang (T-oligos), implicating this overhang in generation of these telomere-based damage responses. Here, we show that T-oligo-treated fibroblasts contain ␥H2AX foci and that these foci colocalize with telomeres. T-oligos with nuclease-resistant 3 ends are inactive, suggesting that a nuclease initiates T-oligo responses. We therefore examined WRN, a 3 3 5 exonuclease and helicase mutated in Werner syndrome, a disorder characterized by aberrant telomere maintenance, premature aging, chromosomal rearrangements, and predisposition to malignancy. Normal fibroblasts and U20S osteosarcoma cells rendered deficient in WRN showed reduced phosphorylation of p53 and histone H2AX in response to T-oligo treatment. Together, these data demonstrate a role for WRN in processing of telomeric DNA and subsequent activation of DNA damage responses. The T-oligo model helps define the role of WRN in telomere maintenance and initiation of DNA damage responses after telomere disruption.
exonuclease ͉ ␥-H2AX foci ͉ Werner syndrome ͉ senescence ͉ oligonucleotide R eplication of mammalian cells ultimately is limited by a program of senescence, suggested to be a fundamental defense against cancer (1) . Normal human fibroblasts in culture usually undergo 60 to 70 population doublings before entering proliferative arrest, termed ''replicative senescence'' (2) . This state in fibroblasts largely depends on the p53 tumor suppressor pathway (3) (4) (5) (6) (7) , and inactivation of this pathway can lead to escape from replicative senescence. In addition, some evidence suggests that the pRb pathway may present an additional barrier to proliferation in fibroblasts. Both the p53 and pRb pathways appear to cause senescence in human epithelial cells (3, 4) . However, after an additional 20-30 population doublings, fibroblasts then enter another block to proliferation termed ''crisis,'' characterized by extensive cell death and massive chromosomal abnormalities (8, 9) .
Senescence is controlled, in large part, by telomeres, tandem repeats of the DNA sequence TTAGGG that cap chromosome ends in mammalian cells (10) . Telomere ends normally form a loop structure, with the 3Ј single-strand overhang concealed within the proximal DNA duplex and stabilized by association with telomere repeat-binding factors (TRFs) (11) . Telomeres shorten with each round of replication, and critical shortening of telomeres is associated with replicative senescence or cell death by apoptosis, depending on cell type (12, 13) . Although the mechanism by which telomere shortening triggers senescence is not clear, it now is thought that features other than simply telomere length are important (14) . For example, experimental disruption of the telomere loop structure by ectopic expression of a dominant-negative TRF leads to overhang loss, chromosomal fusions, and, ultimately, induction of DNA damage responses including senescence or apoptosis, mediated at least, in part, through the activation of the ATM kinase and p53 (15) . Whether the 3Ј overhang is lost or retained in senescent cells is controversial (16, 17) . However, Celli et al. (18) recently reported that overhang loss is not necessary to generate telomereassociated DNA damage foci in mouse cells upon conditional depletion of TRF2.
Localized telomeric DNA damage responses may function other than to signal senescence or apoptosis. Recently, Verdun et al. (19) detected the recruitment of DNA damage response proteins to ''unprotected'' telomeres during the late S and G 2 phases of the cell cycle in normal human fibroblasts and that inhibition of this process leads to telomere dysfunction. The authors conclude that localization of these DNA damage response proteins to the telomeres restores proper telomere structure and function after DNA replication.
We have shown that treatment of both normal and transformed cells with ssDNA oligonucleotides homologous to the telomere overhang (T-oligos) induces DNA damage responses (20) (21) (22) (23) (24) (25) (26) . Oligonucleotides unrelated or complementary to the overhang are inactive (20) (21) (22) (23) (24) 27) . T-oligos rapidly accumulate in the cell nucleus (20, 25) and induce and͞or activate ATM, p53, p95͞Nbs1, p16, pRb, and other DNA repair and cell cycle regulatory proteins (20) (21) (22) (23) (24) (25) (26) . However, T-oligos induce these responses without disrupting the telomere structure and leave the endogenous telomere overhang intact (21), unlike experimental telomere disruption (28) . Together, these data suggest that the telomere overhang plays a role in telomere-mediated DNA damage responses and that exogenously provided T-oligos mimic the endogenous telomere overhang. We propose that T-oligos within the nucleus are recognized at the telomere by telomere-associated proteins whose normal role is to monitor and affect telomere structure and function. In this case, T-oligos would have the potential to provide a novel and useful probe into the molecular mechanism of these telomere-associated responses. However, heretofore a telomeric site of action of T-oligos has not been demonstrated.
Results and Discussion
Phosphorylation of the histone variant H2AX, yielding ␥-H2AX, is an early response to DNA damage (29) and has been shown to occur at short (30) and dysfunctional (31) telomeres, as well as at telomeres in cells serially passed to senescence (32) . To determine whether T-oligo-treated cells contain ␥-H2AX, normal human fibroblasts were treated with either an 11-base T-oligo, its complement, or diluent alone and then examined by Western blot. The T-oligo selectively and dramatically induced the phosphorylation of H2AX and p53 serine-15 as demonstrated in refs. 21 and 22) (Fig. 1A) . To further exclude the possibility that these responses were triggered by G rich sequences independent of telomere homology or by sequences sharing only the same 3Ј bases, other oligos with the same number and proportion (5 of 11) or more (6 of 11) G residues, as well as four sequences with the same 3Ј termini (-AG) and two permutations of a repeat sequence with all four DNA bases, were compared with the 100% homolog (Fig. 1B) . Again, only the telomere-homolog sequence was active, although other studies have shown that sequences with less-than-complete homology may be active so long as C residues are absent (27) , suggesting that this feature, in addition to telomere homology, also is important. This specificity also was seen in another assay, the induction of apoptosis in MM-AN human melanoma cells (23) , where only the T-oligo was active (Fig. 4 , which is published as supporting information on the PNAS web site).
Because both p53 and H2AX are known substrates for the ATM kinase (33, 34) , these data are in agreement with our previous finding that T-oligo responses are mediated, at least in part, through ATM (21). Furthermore, ␥-H2AX was present in foci in T-oligo-treated cells and colocalized with TRF1, a specific marker for telomeres (35) , as demonstrated by immunostaining ( Fig. 1C ; see Fig. 5A , which is published as supporting information on the PNAS web site). Although occasional TRF1͞␥-H2AX foci were found in Ϸ15% of diluent-treated cells (Figs. 1C and 4B), similar to those detected by Celli and de Lange (18) in mouse cells, T-oligo treatment greatly increased the percentage of colocalizing foci-containing cells to Ͼ80% (Fig. 1D) . Moreover, in the majority of cases in both the occasional control cells with one or two foci and the plentiful T-oligo-treated cells with numerous colocalizing foci, the ␥-H2AX foci fell between or immediately beside two TRF1 foci (Fig. 6A , which is published as supporting information on the PNAS web site). We now are investigating the possibility that these structures, far more frequent than expected by chance alone based on percent nuclear area occupied by these foci, represent telomeres on sister chromatids in proximity to phosphorylated histones surrounding telomeric and subtelomeric DNA (Fig. 6B) . Localization of ␥-H2AX to telomeres also was demonstrated by using the immuno-FISH technique (Fig. 7 , which is published as supporting information on the PNAS web site), where telomeres are detected by hybridization to a telomere PNA probe. Together, these data demonstrate that treatment of normal cells with telomere-homologous DNA oligonucleotides stimulates phosphorylation of H2AX at telomeres.
Although ␥-H2AX foci have been shown to form at short (30) or dysfunctional (31) telomeres, treatment with T-oligo does not shorten telomeres (21, 24) . We previously reported that T-oligos also have no effect on the length of the 3Ј overhang after up to 7 days of treatment as determined by Southern blot (21, 24) . However, to further document retention of the telomere overhang in cells made senescent by T-oligos, normal fibroblasts were treated once at time 0 with T-oligos and then challenged with provision of fresh serum-containing medium lacking T-oligos on days 7, 10, and 13 to document the expected (22) permanent growth arrest, senescence-associated ␤-gal positive staining, and induction of the senescence-associated proteins p53, p21, and p16 and activation of p53 and pRb (Fig. 8 A-C , which is published as supporting information on the PNAS web site). Paired cultures harvested on day 0 before T-oligo treatment and on day 14 after senescence were compared by telomericoligonucleotide ligation assay (16), an extremely sensitive assay for overhang length, and no loss was detected (Fig. 8D) , confirming our previous results (22) .
To study the features of T-oligos that affect their activity, we compared an 11-base T-oligo (GTTAGGGTTAG) synthesized with nonhydrolyzable phosphorothioate (PS) linkages to the physiologic phosphodiester-linked oligonucleotide. Hydrolyzable T-oligo readily induced apoptosis in MM-AN cells as expected (20, 23) , but T-oligo with PS linkages was ineffective ( Fig. 2A) . To determine whether the effect of phosphorothioate linkages on T-oligo activity pertained generally to cells of multiple lineages, we examined normal fibroblasts and a well differentiated squamous cell carcinoma cell line (SCC12F). Similarly, whereas the physiologic hydrolyzable T-oligo induced an accumulation of cells within the S phase of the cell cycle as reported in refs. 20 and 22 in normal newborn fibroblasts and in the SCC12F cells, the PS-linked oligonucleotide did not (Fig. 9 , which is published as supporting information on the PNAS web site). In addition, the phosphodiester-linked T-oligo also increased the sub-G 0 ͞G 1 population of SCC12F cells, indicative of apoptosis. This effect was not seen in fibroblasts, likely reflecting the greater susceptibility of keratinocytes versus fibroblasts to apoptosis (36) .
The effects of phosphorothioate linkages were studied further by synthesizing T-oligos with no PS linkages, PS linkages throughout, two PS linkages at both the 3Ј and 5Ј ends, only the 5Ј end, or only the 3Ј end. The T-oligos containing PS linkages throughout or at both ends failed to induce phosphorylation of H2AX or p53 on serine-15, indicative of p53 activation (refs. 37 and 38; Fig. 2B ), in contrast to fully hydrolyzable T-oligos, as observed in multiple cells types (21, 22) or T-oligos with an unblocked 3Ј end (Fig. 2B) . The same T-oligos that induced these phosphorylations also modestly induced total p53 protein (Fig. 2B) , as also reported for the fully hydrolyzable 11-mer (21) . The preferential activity of the phosphodiester-linked T-oligo is not due to preferential uptake and͞or accumulation of this oligo in cultured cells (Fig.  10 , which is published as supporting information on the PNAS web site). Indeed, intensity of nuclear staining after 4 h was far greater in the PS-linked T-oligos, presumably because of their very long half-life, in contrast to the estimated Ϸ4 h half-life for the readily hydrolyzable T-oligo (9). T-oligos containing a stabilizing 3Ј phosphopropyl amine group (39) also poorly stimulated phosphorylation of p53 and H2AX, whereas a 5Ј phosphopropyl amine group did not block the T-oligo activity (Fig. 11 , which is published as supporting information on the PNAS web site). These data strongly suggest that 3Ј 3 5Ј digestion of the T-oligo is required for its stimulation of DNA damage-like responses. Because both phosphorothioate linkages (40) and phosphopropyl amine groups (39) prevent exonucleolytic degradation of DNA, we hypothesize that the observed DNA damage responses are driven by the exonucleolytic degradation of the T-oligo within the nucleus.
The protein WRN, mutated in the autosomal recessive progeroid Werner syndrome (WS), recently has been shown to resolve telomeric loop structures in vitro when combined with TRF1 and TRF2 (41, 42) . WRN contains both helicase and exonuclease domains (43) and localizes to telomeres in vivo (42) . Recent work by Crabbe et al. (44) has shown that WRN helicase activity is necessary for proper replication of telomeres via lagging-strand DNA synthesis, possibly reflecting an ability of WRN to unwind G quadruplexes in the G rich telomere strand. To date, all mutations identified in WS are WRN truncations that eliminate the nuclear localization signal from the COOH end of the protein (45) . Therefore, it is assumed that WRN mutations in WS generate a functional null phenotype by preventing the protein from reaching its site of action in the nucleus (46, 47) . WS cells senesce prematurely compared with age-matched controls (48) and also demonstrate accelerated telomere shortening (49) , characteristics cited in favor of this disease as an aging model (50) . Cells from WS patients also show increased chromosomal deletions and translocations, both at baseline and after DNA damage (50) , suggesting that WRN participates in DNA repair, replication and recombination, and maintenance of telomere length in addition to cell aging. However, the precise role of WRN in these pathways is poorly understood.
To determine whether WRN plays a role in T-oligo-induced DNA damage-like responses, fibroblasts from a WS patient and cells from an age-matched normal control were treated with T-oligos, and the DNA damage responses were measured by Western blot. Whereas normal fibroblasts phosphorylated p53 in response to T-oligo, the WS fibroblasts did not (Fig. 3A) . Also, normal human fibroblasts made deficient in WRN by a single sequence siRNA were treated with T-oligo or diluent alone. Compared with control cells treated with siRNA-targeting GFP, WRN-depleted fibroblasts showed a reduction in T-oligoinduced p53 and H2AX phosphorylation, most strikingly at 48 h (Fig. 3B) . Similar results also were obtained by using a mixture of WRN siRNAs (Smartpool by Dharmacon, Lafayette, CO) (Fig. 12 , which is published as supporting information on the PNAS web site). Also, WRN-depleted fibroblasts failed to express senescence-associated ␤-gal activity after 6 days of T-oligo treatment (Fig. 3C) , in contrast to WRN-expressing normal fibroblasts ( Fig. 3C; refs. 22 and 24) . WRN-deficient fibroblasts also have been shown to be resistant to hydrogen peroxide-induced senescence (51) . Similarly, WRN depletion in U20S osteosarcoma cells by siRNA (Fig. 13 , which is published as supporting information on the PNAS web site) greatly reduced the phosphorylation of p53 (Fig. 3D) and H2AX (Fig. 3E) after T-oligo treatment. Phosphorylation (activation) of ATM by T-oligo treatment also was reduced in the WRN-depleted U20S cells (Fig. 3F) , consistent with a role for ATM in T-oligo responses.
Together, these data suggest that WRN-mediated exonucleolytic degradation of telomere G rich DNA induces DNA damage responses. In this context, it is interesting that activation of the ATM kinase by the exonuclease͞helicase complex Mre11͞hRAD50͞Nbs1, at least in response to doublestranded breaks, was shown recently to be stimulated by DNA (52) . Moreover, p53 phosphorylation after T-oligo treatment is reduced in cells from ataxia telangiectasia patients (21), who are deficient in ATM function, suggesting that ATM mediates, at least in part, these phosphorylation events, which is consistent with the ATM phosphorylation (activation) demonstrated here (Fig. 3F) . Whether WRN, like Mre11͞hRad50͞ Nbs1 (52), also activates ATM directly in the presence of specific DNA substrates and whether exonucleolytic degradation of this substrate is required remains to be determined. Alternatively, because WRN has both helicase and exonuclease activities (43), we cannot rule out that the effect of WRN on T-oligos is derived from unwinding the G-quadruplex tetramer structures that could form between these G rich oligos (53) . However, phosphorothioate linkages were shown not to inhibit G-quadruplex formation (53) , although their effect on WRN helicase activity is not known, and the rate of G-quartet-mediated tetramer formation between small G-rich oligonucleotides at 40 M would be extremely slow (54) .
Loss of the 3Ј overhang after telomere disruption by expression of a dominant-negative form of TRF2 has been attributed to the ERCC1͞XPF endonuclease (55) , and activation of DNA damage response pathways in mouse cells lacking TRF2 does not require loss of the overhang (18) . However, these experimental conditions lacking functional TRF2 may not allow for normal functions of WRN at telomeres because of WRNЈs known interactions with TRF2 (41, 42, 56) . Hence, DNA damage signaling from telomeres in the absence of TRF2 may be qualitatively similar yet mechanistically different from that following physiologic insults and͞or T-oligo treatment.
There is increasing evidence that WRN is involved in resolving D (displacement) loops such as those formed at telomeres. D loops are disrupted by the WRN helicase, and the invading 3Ј strand is readily degraded by the WRN exonuclease (42, 57) . Both TRF1 and TRF2 (41, 42) were found to regulate the WRN exonuclease activity on telomeric D loops, and WRN associates with telomeres during the S phase when replication of the telomere may require disruption of the T loop. It is tempting to speculate that WRN-mediated resolution of the telomere D loop, removing the 3Ј overhang from the telomere duplex DNA, activates DNA damage responses and ''marks'' the telomere, facilitating repair, replication, and restoration of the loop structure, consistent with a role for WRN in telomere maintenance. This hypothesis is consistent with the recent findings of Verdun et al. (19) that DNA damage response proteins such as phospho-ATM and phospho-Nbs1 are recruited to telomeres in the late S and G 2 phases of the cell cycle, a time when telomere ends have become exposed and are accessible to enzymatic modification. Inhibition of these DNA damage responses leads to telomere fusions (19) , a hallmark of telomere dysfunction. These data suggest that the formation of foci of DNA damage proteins at telomeres during replication, initiated by WRN, promotes the restoration of proper telomere structure and function. It has been shown that WS cells readily senesce in response to critical telomere shortening and can be immortalized by telomerase expression that maintains telomere length (58, 59) , and we propose that the WRNmediated responses described here normally play a central role in telomere maintenance and that other secondary pathways capable of recognizing telomere dysfunction and inducing senescence remain intact in WS cells, leading to the Werner phenotype in vitro and in vivo.
Our data strongly implicate the WRN-mediated displacement of the 3Ј overhang, loop resolution, and subsequent activation of ATM and potentially other kinases as a mechanism for the formation of DNA damage-like foci. Both T-oligos and control oligos rapidly localize to the nucleus (ref. 20 ; Fig. 10 ), and we propose that this greatly increased concentration of singlestranded telomere overhang-specific DNA in the form of Toligos provides a substrate to WRN in the vicinity of the telomere at the time of loop resolution and results in exaggerated DNA damage responses. Although the control oligonucleotides would be accessible equally to WRN, we propose that because of sequence and͞or tertiary structural constraints, they do not serve as substrates for the exonuclease and, therefore, fail to activate the signaling cascade. These observations offer insight into the WS phenotype of altered telomere maintenance and accelerated aging. Further, they suggest that the physiologic critical telomere shortening after serial rounds of cell division or acute DNA damage, known to inhibit the binding of telomerebinding proteins TRF1 and TRF2 and increasing telomere erosion (60) , may promote telomere loop disruption and WRNmediated hydrolysis of the 3Ј overhang that then initiates signaling through ATM, p53, and other effector proteins to safeguard genomic integrity.
Methods
Immunofluorescence. Normal neonatal fibroblasts were cultured on glass coverslips and always refed 1 day before treating with either 40 M T-oligo (GTTAGGGTTAG) or an equal volume of diluent (water). After 2 days, the cells were fixed and stained for ␥-H2AX and TRF1 by using standard immunofluorescence protocols (61, 62) . ␥-H2AX was detected by using a mouse anti-␥-H2AX antibody and a FITC-conjugated goat anti-mouse IgG (code no. 115-095-146; Jackson Immunoresearch Laboratories, West Grove, PA). TRF1 was detected by using a rabbit anti-TRF1 antibody (catalog no. 581420; Calbiochem, San Diego, CA) and a Rhodamine Red-X-conjugated goat anti-rabbit IgG (code no. 111-295-144; Jackson Immunoresearch Laboratories). The cells were examined under ϫ1,000 magnification by using a Nikon Eclipse E400 microscope equipped with a RTke SPOT digital camera (Diagnostic Instruments, Sterling Heights, MI). FITC, TRITC, and DAPI images were overlapped by using the Advanced SPOT software.
siRNA Treatment. All siRNAs were synthesized by Dharmacon. Normal neonatal fibroblasts were plated in p35 tissue culture dishes (Falcon tissue culture dish; Becton Dickinson Labware, Franklin Lakes, NJ) at a density of 200,000 cells per plate. The next day, the cells were transfected with 100 pmol per plate (2 ml of medium) siRNA directed against WRN (target sequence AGGCAUGUGUUCGGAAGAG or WRN smartpool siRNA), or GFP (catalog no. D-001300-01) as a negative control by using the protocol supplied by the manufacturer, for 6 h. The transfection protocol was repeated the following day. One day after the second transfection, cells were refed and supplemented with either diluent alone as a control or with 40 M T-oligo (GT-TAGGGTTAG). After the indicated times, cells were collected for protein analysis by Western blot.
For siRNA knockdown of WRN in U20S cells, an siRNA targeted against WRN mRNA (UGAAGAGCAAGUUACU-UGCUU) was cloned into the pSilencer 3.1-H1 hygrovector (Ambion, Austin, TX). The pSilencer 3.1-H1 control hygrovector was used to express a scrambled siRNA with no significant homology to known human genes. Stable WRN knockdown and WT control cells were generated by transfection of U-20S cells and selection by growing in 200 g͞ml hydromycin B. Individual clones were selected and tested for WRN levels by Western blot and RT-PCR. The clone showing the greatest WRN knockdown and a control clone were selected for study.
Supporting Information. Data on cells, oligonucleotides, antibodies, and chemicals used in this study are described as Supporting Methods, which is described as supporting information on the PNAS web site).
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